Aims Although well supported by postmortem studies, the reliability of carotid atherosclerosis as surrogate marker of coronary atherosclerosis has been put in doubt by in vivo studies showing a poor correlation between carotid intima-media thickness (IMT) detected by external carotid ultrasound (ECU) and coronary stenosis assessed by quantitative coronary angiography (QCA). In the present study, we have investigated whether a stronger in vivo correlation between the two arteries can be obtained by using homogeneous variables such as carotid and coronary IMT, detected by ECU and intravascular ultrasound (IVUS), respectively. Methods and results ECU, QCA, and IVUS measurements were made in 48 patients. Carotid IMT was correlated with both angiographic and IVUS findings. A significant but weak correlation was observed between ECU and QCA variables (r % 0.35, P , 0.05); the correlation between ECU and IVUS measurements of IMT was higher, with correlation coefficients ranging from 0.49 to 0.55. In patients with a QCA diagnosis of normal/intermediate coronary atherosclerosis, the presence of a carotid-IMT mean . 1 mm was associated with an 18-fold increase in risk of having a positive IVUS test (OR = 17.99, 95% CI 1.83-177.14, P = 0.013) and with a seven-fold increased risk of having a significant IVUS coronary stenosis (OR = 7.4, 95% CI 1.27-44.0, P = 0.028). Conclusion Carotid atherosclerosis correlates better with coronary atherosclerosis when both circulations are investigated by the same technique (ultrasound) using the same parameter (IMT). This supports the concept that carotid IMT is a good surrogate marker of coronary atherosclerosis.
Introduction
High resolution B-mode ultrasound is a non-invasive technique widely used to assess atherosclerosis in superficial arteries. It allows the accurate measurement of the distance between blood-intima and media-adventitia interfaces of the carotid wall, which is defined as carotid intima-media thickness (IMT). 1 Several authors have suggested that carotid IMT is a marker of atherosclerosis in other vascular beds. [2] [3] [4] Indeed, an increased carotid IMT has been associated with a number of atherosclerosis risk factors, [5] [6] [7] with the prevalence and extent of coronary artery disease (CAD) 8, 9 and with the incidence of new coronary and cerebral events. 4, 10 In view of these relationships, carotid IMT has been proposed as a surrogate endpoint to be used in clinical trials as an alternative to coronary atherosclerosis. 11 In spite of the widespread use of carotid IMT as a surrogate for CAD, validation studies evaluating the correlation between carotid IMT measured by external carotid ultrasound (ECU) and CAD measured by quantitative coronary angiography (QCA) showed a relatively poor correlation (r , 0.36 on average). [12] [13] [14] [15] [16] [17] [18] [19] [20] This finding has cast doubt on the reliability of carotid atherosclerosis as a surrogate marker of coronary atherosclerosis. Postmortem studies, however, have shown a far greater degree of correlation between the two arterial districts, [21] [22] [23] [24] which suggests that the poor correlation observed in ECU vs. QCA studies may be due more to technical issues than to differential effects of the traditional vascular risk factors on the carotid and coronary tissues.
Intravascular ultrasound (IVUS) is a unique imaging modality for the direct examination of vessel dimensions and arterial wall characteristics in live subjects. [25] [26] [27] [28] Like ECU, IVUS measures, in addition to lumen diameter, plaque area and any thickening of arterial walls. Carotid and coronary arterial districts can then be compared using the same arterial wall parameter, namely the IMT. Unfortunately, in the only study so far published addressing the relationship between IVUS-detected coronary atherosclerosis and carotid ultrasonic measurements, carotid IMT was correlated with coronary percent plaque area, and the correlation between IMT in the two vascular districts was not investigated. 29 We therefore investigated whether correlations stronger than those observed in QCA studies and closer to those observed in postmortem studies could be obtained by using the homogeneous variable IMT. We also evaluated whether carotid IMT would identify subjects with IVUS-detected evidence of coronary atherosclerosis among patients with a QCA diagnosis of no or intermediate coronary lesions.
Methods

Study population
Forty-eight consecutive patients who had undergone coronary angiography and who required IVUS examination were included in the study. Indications for coronary angiography were suspected or proven CAD by clinical and non-invasive tests in 38, scheduled valve replacement in seven and major vascular surgery in three patients. Indications for IVUS were the need for precise assessment of intermediate degree coronary stenosis as detected by on-line QCA analysis or unclear coronary anatomy. Coronary angiography was performed by the standard Judkins technique. Each patient underwent ECU evaluation within a median of 2 days (inter-quartile range = 1-3 days) after the angiography. Only patients with onevessel disease were included in the study, because (i) patients requiring multi-vessel IVUS evaluation are rare and (ii) an IVUS procedure in unambiguous vessels performed for research reasons alone is not ethically acceptable. Patients with a history of previous percutaneous or surgical myocardial and/or carotid revascularization were excluded. Written informed consent was obtained from all patients, and the Institution's Ethics Committee approved the study.
External carotid ultrasound
Carotid ultrasound scans were carried out by a single trained sonographer (M.A.) unaware of QCA and IVUS results using an Acuson Aspen system, equipped with a 7-10 MHz linear array transducer. Ultrasonic scans were recorded on sVHS videotapes.
The ultrasonic protocol requires the visualization of the near and far wall of the right and left common carotid, internal carotid artery, and bifurcation in three different projections: anterior, lateral, and posterior, for a total of approximately 30 carotid segments per patient. The ultrasonic variables used in the statistical analyses were the mean IMT of common carotids (CC-IMT mean ), bifurcations (Bif-IMT mean ), internal carotid arteries (ICA-IMT mean ), and of the whole carotid tree (Carotid-IMT mean ). The highest IMT value was defined as 'maximum IMT' (Carotid-IMT max ). The single reader (EO) of these measurements was unaware of QCA and IVUS results. Measurements were made with a specific software (M'Ath) 30 that allows the semiautomatic measurement of the distances between the two echogenic lines defining the boundaries of the intima plus media.
Quantitative coronary angiography
On-line QCA analysis was performed using ARTREK Quantum IC (Image Comm System, Sunnyvale, CA, USA) by a trained observer blind to ECU results. The outer diameter of the contrast-filled catheter was used for calibration. Coronary lesions were analysed in several projections and the reference vessel diameter, minimal lumen diameter (MLD), and per cent diameter stenosis (%DS) were measured in the 'most severe' angiographic view. QCA findings were also expressed in terms of Gensini's score, 31 which is an index of coronary atherosclerotic burden.
Coronary intravascular ultrasound
IVUS imaging used was a 30 MHz mechanical ultrasound transducer rotating at 1800 r.p.m. The patient received nitrate (200 mg i.c.) and heparin (2500 U i.v.) prior to IVUS investigation.
Images were acquired using a validated 32 automated pullback device withdrawing automatically at 0.5 mm/s within a 3.2 F short monorail imaging catheter (CardioVascular Imaging System, Inc., Sunnyvale, CA, USA). Transducer was positioned within the target vessel (in which QCA showed a %DS . 40%) distal to the culprit lesion and progressively withdrawn for the entire length of the vessel. Anatomical landmarks (collateral vessels) were used to identify by IVUS the site were the culprit lesion was detected by QCA. In patients without a clearly detectable QCA lesion (%DS , 40%), but with unclear coronary anatomy, IVUS examination was performed in the left anterior descending artery. Images were recorded on sVHS videotapes.
IVUS measurements were made according to the standards of American College of Cardiology and European Society of Cardiology, as previously described. 33 The first distal image of the IVUS pullback was selected as the beginning point, and the image was then measured at 2 s intervals, generating a series of cross-sectional images 1 mm apart.
For each cross-sectional image, external elastic membrane crosssectional area (EEM-CSA) and the lumen CSA (L-CSA) were determined as previously reported. 34 Because calcium acoustic shadowing in the target lesion makes measurement of EEM-CSA difficult, coronary segments with .908 of circumferential calcium or 1.0 mm of axial calcium were excluded. The circumferential arc of calcium was measured using a protractor centred on the lumen; the axial length of calcium was measured by counting the number of seconds of videotape on which lesion calcium was present (2 s of videotape = 1 mm axial arterial length). 33 When acoustic shadowing involved a relatively small arc (,908), planimetry of the circumference was performed by extrapolation from the closest identifiable EEM borders.
Coronary IMT was calculated as the radius of a circle having an area equivalent to L-CSA minus the radius of a circle having an area equivalent to EEM-CSA as follows:
The average value of the coronary-IMT measurements, performed in the entire length of investigated vessel, was considered as mean coronary-IMT (Coronary-IMT mean ). Coronary-IMT max was defined as the highest cross-sectional Coronary-IMT value. Total atheroma volume (TAV), in the last 10 mm from the aorto-ostial junction, was calculated using Simpson's rule as mean atheroma area (L-CSA minus EEM-CSA) multiplied by pullback length in millimetres. 35 The per cent atheroma volume (PAV) of the same coronary segment was computed as:
The IVUS coronary volumetric and IMT variables were measured twice, 1 week apart, by a single trained reader (A.R.) unaware of ECU and QCA results. When there were differences between the two independent measurements greater than the coefficient of repeatability (Bland-Altman procedure), 36 a third measurement was made and the mean was used in the analyses. In our catheterization laboratory, intra-observer and inter-observer variability of L-CSA and EEM-CSA measurements in CAD patients is 2.0 + 2.2, 3.0 + 2.0 and 1.7 + 1.6 and 2.5 + 1.8%, respectively. 34 
Statistical methods
The correlations between ECU, QCA, and IVUS variables were evaluated by Spearman's rank correlation analysis. Age-adjusted partial correlation was performed after arcsin transformation of variables expressed in per cent (Coronary-%DS and PAV) and after log transformation of continuous variables (Coronary and carotid IMTs, Gensini's score, and TAV). The potential of ECU and QCA variables to identify patients with a positive IVUS test [IVUS (+) ] was analysed in terms of sensitivity, specificity, and predictive values and through the receiver operating characteristic (ROC) curves or by logistic regression analysis. Statistical analyses used SPSS 13.0 for Windows. Data are presented as mean + SD or median and range when appropriate. P-values less than 0.05 were considered significant.
Results
Clinical characteristics of the study patient population are shown in Table 1 .
Men constituted 75% of the patients recruited, with age range 41-74 years. None of the patients had diabetes mellitus. The vessel involved was the left anterior descending artery in almost 80% of cases. Coronary-%DS max was .70% in 13 (27%) patients, between 40 and 70% in 19 (40%), and ,40% in 16 (33%) patients.
Spearman's correlation coefficients between carotid IMTs and coronary variables measured by QCA and IVUS are shown in Table 2 and Figure 1 . Carotid-IMT mean and Carotid-IMT max showed a weak but significant correlation with the QCA-measured coronary-%DS max or Gensini's score, with correlation coefficients ranging from 0.26 to 0.35. When IVUS coronary volumetric variables were considered, the correlation coefficients increased for PAV but not for TAV. Finally, when the two IVUS-determined IMT variables (Coronary-IMT mean and Coronary-IMT max ) were compared with mean and max Carotid-IMT, the correlation coefficients increased further. Among the three selected carotid sites (common, bifurcation, and internal), carotid bifurcation showed the highest correlation with both QCA and IVUS parameters ( Table 2 ). Table 2 also shows the same relationship investigated after data adjustment for age. In this partial correlation analysis, correlations between carotid and coronary IMTs variables and between PAV and Carotid-IMT max or Bif-IMT mean were still statistically significant.
Receiver operating characteristic curve analysis
The ability of ECU and QCA variables to classify patients with IVUS-documented coronary atherosclerosis correctly was tested by a receiver operating curve analysis and by logistic analyses. For this purpose, the whole group was divided into three subgroups according to their QCA results ( Figure 2) . Group A included patients with a QCA diagnosis of normality (coronary-%DS max 40%; n = 16); Group B, patients with a QCA diagnosis of intermediate coronary atherosclerosis (coronary-%DS max . 40% and 70%; n = 19); and Group C, patients with a diagnosis of overt coronary atherosclerosis (coronary-%DS max . 70%; n = 13). Individual Coronary-IMT max values of Group C were used to identify the most appropriate value of IVUS-detected Coronary-IMT to be used to classify patients included in Groups A and B as IVUS positive [IVUS (þ) ] or IVUS negative [IVUS (2) ] ( Figure 2 ). Groups A and B patients were considered IVUS (þ) when their Coronary-IMT max values exceeded the lowest Coronary-IMT max value (0.608 mm) detected in the Coronary-IMT max distribution of patients with a QCA diagnosis of overt atherosclerosis (Group C). Interestingly, this threshold value for the presence of coronary atherosclerosis fully agree with that reported by Tuzcu et al. 37 in patients of comparable range of age. In Group A, 11 (68.8%) patients had a Coronary-IMT max value ,0.608 mm and five (31.2%) had a Coronary-IMT max .0.608. Among Group B patients, three (15.8%) had a Coronary-IMT max , 0.608 mm and 16 (84.2%) !0.608 mm.
The ROC plots were obtained to evaluate the relative performance of ECU and QCA variables as tests for the presence of IVUS (+) in patients of Groups A and B pooled together ( Figure 3) . The area under the ROC curve progressively increased from 0.730 to 0.798 and to 0.885 when calculated on the basis of coronary-%DS max , Carotid-IMT max , and Carotid-IMT mean , respectively. Figure 4 shows the results obtained when Carotid-IMT mean was considered. The epidemiological data currently CAD, coronary artery disease; %DS, per cent diameter stenosis; Coronary-IMT mean , average of 10 cross-sectional coronary-IMT measurements; Coronary-IMT max , highest cross-sectional Coronary-IMT value; IMT, intima-media thickness; TAV, total atheroma volume; PAV, per cent atheroma volume; CC = Common Carotids; Bif = Bifurcations; ICA = Internal Carotid Arteries; Carotid-IMT mean , average IMT value of the whole carotid tree; Carotid-IMT max , highest IMT value of the whole carotid tree. available indicate that a Carotid-IMT mean above 1 mm is associated with a significantly increased risk of myocardial infarction or cerebrovascular disease. 7, 9, 38, 39 Using this criterion, we identified no false negatives in either Group A or Group B; two out of 16 patients in Group A and two out of 19 patients in Group B were classifiable as false positives. Sensitivity, specificity, positive predictive value, and negative predictive value were 1, 0.75, 1, and 0.57 for Group A and 1, 0.25, 1, and 0.83 for Group B. The same parameters calculated for Groups A and B pooled together were 1, 0.63, 1, and 0.76.
The ROC analysis performed in Group C (patients with a QCA diagnosis of overt atherosclerosis) showed that the area under the ROC curve progressively decreased form 0.668 when calculated on the basis of QCA indexes of residual coronary lumen, to 0.628 with Carotid-IMT max and to 0.602 with Carotid-IMT mean .
In a logistic regression analysis performed in Groups A and B pooled together, the presence of a Carotid-IMT mean . 1 mm was associated with an 18-fold increased risk of having a Coronary-IMT max . 0.608 (OR = 17.99, 95% CI 1.83-177.14, P = 0.013). The presence of a Carotid-IMT mean . 1 mm was also associated with a seven-fold increase of risk of having a haemodynamically significant (minimal lumen area ,4 mm 2 ) 40 IVUS coronary stenosis (OR = 7.4, 95% CI 1.27-44.0, P = 0.028). Sensitivity, specificity, positive and negative predictive values, and test accuracy were 64, 75, 78, 60, and 75%, respectively. 
Discussion
Although extensively investigated, 2,41-46 the value of carotid IMT as surrogate marker of coronary atherosclerosis is still a matter of debate. Studies showing significant higher carotid IMT values in patients with at least one coronary stenosis !50% by QCA than in those without CAD, 2, 45 and postmortem studies documenting a high correlation between carotid and coronary atherosclerosis (r % 0.55) [21] [22] [23] 47 support the role of carotid IMT as a biomarker of atherosclerosis. However, other studies show that the correlation between carotid IMT and the severity of CAD as assessed by coronary angiography is relatively weak (r = 0.36).
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We have shown here that carotid IMT correlates much better with coronary atherosclerosis when both vascular beds are investigated by the same technique (ultrasound) and using the same parameter (IMT). In fact, when carotid IMT was correlated with IVUS-derived coronary-IMT, the correlation coefficients were higher than that with %DS by QCA, and closer to those observed in pathology studies [21] [22] [23] 47 ( Figure 5 ).
Since age might be the common denominator of such correlation, the analyses were repeated also after data adjustment for age. Even if a reduction in correlation coefficients was observed for all variables considered, almost all correlations between carotid and coronary IMTs maintained their statistical significance, whereas others, with the exception of the correlations between PAV and Carotid-IMT max and Bif-IMT mean , were no longer statistically significant.
This finding emphasizes the importance of using a method that precisely addresses vessel wall anatomy in both circulations and allows us to speculate that the weak correlation observed in ECU vs. QCA studies is probably due to the intrinsic inability of coronary angiography to measure the atherosclerotic burden precisely. In fact, the twodimensional silhouette of contrast-filled lumen provides information mainly restricted to lumen diameter and no information about the real size of plaques. In addition, because there is no normal reference segment for comparison, the coronary artery of a patient with a diffuse concentric disease may appear to be nearly normal despite a huge atherosclerotic burden. In such cases, any correlation between carotid IMT and angiographic findings would be weak.
By providing a cross-sectional, real-time, tomographic perspective with direct visualization of the vessel wall, IVUS has the potential to overcome the limitations of angiography. However, in the only study published to date addressing the relationship between IVUS-detected coronary atherosclerosis and carotid ultrasonic results, the correlation coefficients obtained (r 0.40), although slightly higher than that observed in QCA studies, were still lower than those observed in postmortem studies. Again in this case, homogeneous parameters were not used: the average maximum common carotid IMT measured by ECU was correlated with per cent coronary plaque area estimated by IVUS and not with coronary IMT. 29 In our study, carotid IMT variables correlated better with IVUS serial volumetric variables (PAV and TAV) than with %DS by QCA but still lower than those observed in postmortem studies and with coronary IMT. This finding indicates the importance of homogeneity of variables (i.e. IMT vs. IMT) in establishing the degree of correlation between carotid and coronary atherosclerosis, not merely that IVUS is more accurate than QCA in detecting coronary atherosclerosis.
What is the best site along the carotid tree as a marker of carotid or coronary atherosclerosis? Previous studies have shown that common carotid, bifurcation, and internal carotid have different relationships to atherosclerosis risk factors, 48 with plaques in common carotid developing later than in internal carotid arteries, carotid bifurcations, or coronary arteries. 13 The development of atherosclerosis in carotid arteries generally starts with an increased IMT in the bifurcation area, probably due to the 'low shear stress' characteristic of this area, similar to what happens in coronary circulation. 49 We found Carotid-IMT max and Carotid-IMT mean (as aggregate measures obtained at the three carotid sites) to be the ECU variables most closely related to coronary IMT variables. Bifurcation was found to have the highest correlation with coronary IMT, with correlation coefficients similar to that obtained by using aggregate measurements ( Table 2) . Thus, if a single ultrasound measurement of the carotid is to be used, bifurcation should be the preferred site.
The fact that carotid and coronary IMT, both measured by ultrasound, correlate well does not provide conclusive evidence that carotid IMT is a surrogate index of coronary atherosclerosis. To further investigate this issue, we investigated the relative ability of ECU and QCA variables to recognize patients with a positive IVUS test [IVUS (+) ] among those with a QCA diagnosis of no or intermediate coronary lesions.
Intermediate coronary lesions detected by QCA are a frequent occurrence in everyday cath lab practice. For example, Rensing et al. 50 found that among 1445 coronary stenoses evaluated by QCA in a CAD population, 80% were of intermediate degree. In these cases, additional tests to assess the significance of lumen narrowing may be required in order to treat or defer myocardial revascularization.
In our analysis, IVUS was considered the gold standard because of studies showing that (i) this technique is more sensitive than angiography in detecting early atherosclerosis, 27, [51] [52] [53] (ii) it more accurately measures lumen diameter than angiography, 54 and (iii) it may be helpful in assessment and treatment guidance for angiographically indeterminate coronary artery disease. 27, [55] [56] [57] [58] [59] In addition, studies in patients with angiographically ambiguous CAD found an IVUS variable (the MLD) to be a good predictor of cardiac events. 58, 60 In patients with normal/intermediate coronary atherosclerosis (Groups A and B pooled together) coronary-%DS max showed the lowest power to discriminate IVUS (+) from IVUS (2) patients (area under the ROC curve = 0.730). The discriminating power increased by nearly 10% using Carotid-IMT max and by about 20% using Carotid-IMT mean . Interestingly, the presence of a Carotid-IMT mean .1 mm (or Carotid-IMT max . 1.78 mm; data not shown) increases by 18 times the risk of having a Coronary-IMT max . 0.608 (i.e. the lowest Coronary-IMT max value observed in subjects with angiographic coronary stenosis) and indicates a positive IVUS test even in patients with a QCA diagnosis of coronary normality (empty circles in Figure 4 ). This latter observation confirms the close correlation between carotid and coronary IMTs but does not imply that carotid IMT is a predictor of the severity and extent of coronary atherosclerosis. Indeed, carotid and coronary IMT may be considered as markers of hypertrophy of intima and media layers of the artery wall, but they are not synonymous of atherosclerosis. To evaluate whether carotid IMT might predict the severity and extent of coronary atherosclerosis, we have investigated its ability to identify patients with a minimal lumen area ,4 mm 2 as detected by IVUS. This value was already selected by others 40 as a threshold to define a flow-limiting stenosis with a diagnostic accuracy of 92% in predicting a reduced coronary reserve (,2.0) as evaluated by Doppler flow-wire. Interestingly, we found that patients with Carotid-IMT mean . 1 mm had a seven-fold increase in the relative risk of having an IVUS-defined significant flow-limiting coronary stenosis, with a positive predictive value of 78%. These findings suggest that at early stages of atherosclerosis disease, when mainly pre-intrusive coronary atherosclerotic lesions are present, ECU variables have a higher capacity than QCA variables to recognize patients with a positive IVUS test. In contrast, when the same analysis was performed in patients with a diagnosis of overt coronary atherosclerosis (Group C, coronary-%DS max . 70%), the power to discriminate IVUS (+) from IVUS (2) patients was the highest with coronary-%DS max , lower with Carotid-IMT max (26%), and lowest with Carotid IMT mean (210%), suggesting that in advanced atherosclerosis no additional tests to assess the significance of lumen narrowing is required.
Although obtained in a small sample, these results indicate the usefulness of carotid ultrasound as a further screening tool to identify patients who deserve consideration for a coronary IVUS test among those with a QCA diagnosis of intermediate lesions and even of coronary normality. It is important to note, however, that this study was performed in patients who had undergone cardiac catheterization because of suspected or proved heart diseases; thus, whether our results can be extended to patients without a cardiovascular history remains to be defined.
In addition, we must emphasize that we do not wish to suggest a coronary angiogram in all patients with carotid atherosclerosis, but rather that, in patients already selected for coronary angiography for symptoms or signs of ischemia and with coronary lesions by QCA ,70%, the presence of a mean carotid IMT above 1 mm (or max carotid IMT above 1.78 mm) is a good indication for an IVUS investigation.
In conclusion, we found that carotid IMT correlates with coronary IMT much better than previously believed, which supports the concept that this variable is a good surrogate marker of coronary atherosclerosis. A Carotid-IMT mean . 1 mm has also the potential to be a reliable indicator of a positive IVUS test in patients with angiographically normal/intermediate degree of arterial narrowing. Further studies involving a larger number of patients are required to confirm these observations.
